*Cryptosporidium* is an apicomplexan protozoan parasite that infects a wide range of vertebrate species including humans \[[@b1-kjp-53-6-737]\]. This parasite invades the epithelium of the gastrointestinal tract, causing mild-to-severe diarrhea depending on the host's immune status \[[@b2-kjp-53-6-737]\]. It leads to acute and self-limiting illness when ingested through contaminated water or food in immunocompetent individuals. However, cryptosporidiosis can become a chronic and life-threatening disease in immunocompromised individuals \[[@b3-kjp-53-6-737],[@b4-kjp-53-6-737]\]. Thus, cryptosporidiosis has been a major public health concern at water utilities \[[@b5-kjp-53-6-737]\]. Currently, at least 26 species and 50 different genotypes of *Cryptosporidium* have been recognized worldwide through phylogenetic analyses \[[@b6-kjp-53-6-737]\]. Among them, *C. parvum* and *C. hominis* are widely known as the causative agents of diarrheal illness in humans \[[@b7-kjp-53-6-737]\], although recent studies have suggested that all *Cryptosporidium* parasites should be considered hazardous to humans \[[@b8-kjp-53-6-737],[@b9-kjp-53-6-737]\].

Wild mammals, particularly rodents and insectivores, have received attention as important reservoirs of *Cryptosporidium*, especially *C. parvum* and *C. muris* \[[@b10-kjp-53-6-737],[@b11-kjp-53-6-737]\]. Many other species, such as *C. hominis, C. meleagridis, C. felis, C. canis, *C. ubiquitum*, C. cuniculus*, and *C. viatorum*, have also been found to infect rodents as well as humans \[[@b6-kjp-53-6-737],[@b8-kjp-53-6-737],[@b12-kjp-53-6-737]-[@b14-kjp-53-6-737]\]. Several studies conducted in different countries including Spain, Japan, China, and the Philippines revealed that wild rodents are naturally infected with *Cryptosporidium*, and the prevalence rate ranged from 1% to 63% \[[@b1-kjp-53-6-737],[@b6-kjp-53-6-737],[@b10-kjp-53-6-737],[@b15-kjp-53-6-737]\]. These results suggest the potential threat of wild rodents to human health in urban and rural environments. In fact, increased participation in activities, such as camping, hiking or engaging in outdoor sports in natural areas, can result in higher exposure to *Cryptosporidium* parasites transmitted through water or wildlife \[[@b16-kjp-53-6-737]\].

Nevertheless, few epidemiological studies have been conducted on *Cryptosporidium* in small wild animals in Korea, regardless of the potential risk. Previous studies conducted on humans in South Korea showed *C. parvum* infection rates of 0.6-25.9% in healthy subjects and 1.0-5.7% in patients with gastroenteritis \[[@b17-kjp-53-6-737]-[@b20-kjp-53-6-737]\]. In livestock, such as cattle and pigs, infection rates were between 9.3% and 94% \[[@b19-kjp-53-6-737],[@b21-kjp-53-6-737]\]. However, these studies were limited, as that they did not perform species/genotype identification which can provide the epidemiological characteristics of *Cryptosporidium* and they ignored small animals, such as wild rodents, which can serve as reservoir hosts.

This study was designed to investigate the prevalence of *Cryptosporidium* in commonly found wild rodents and insectivores in South Korea, to determine their genotypes and evolutionary relationships, and to understand their potential role in transmitting *Cryptosporidium*. Here, we present the results of a 2-year (2012-2013) investigation of *Cryptosporidium* infection in wild rodents and insectivores from 10 different regions of South Korea.

From 2012 to 2013, a total of 199 rodents and insectivores were captured with Sherman traps from 10 regions in South Korea. Each region was designated by the letters from A to J in the order of their documentation ([Fig. 1](#f1-kjp-53-6-737){ref-type="fig"}). They included 169 striped field mice (*Apodemus agrarius*), 19 Jeju striped field mice (*Apodemus chejuensis*), 10 Ussuri white-toothed shrew (*Crocidura lasiura*), and 1 lesser white-toothed shrew (*Crosidura shantungensis*).

For molecular detection of *Cryptosporidium* from fecal and cecum samples, we have conducted nested-PCR at *Cryptosporidium* oocyst wall protein (COWP) gene locus, based on published methods \[[@b22-kjp-53-6-737]\] using 2 primer pairs (primary primers: COWPF1 5´-ACATTTTCAG GAAAGCAGTGTG-3´ and COWPR1 5´-CCTTGCAGTGTGAAATTTGG-3´; nested-primers: COWPF2 5´-CTGATACTGCACCTCCCAAC-3´ and COWPF2 5´-GCTGA TTCAGGTGCCATACA-3´). These primer pairs are optimized to amplify DNA with high sensitivity and without cross-reactivity with other parasite DNA such as that of Eimeria or Cyclospora \[[@b23-kjp-53-6-737]\]. Consequently, the nested-PCR screening detected 68 *Cryptosporidium* positives from the 199 fecal or cecum DNA samples.

Most of the *Cryptosporidium*-positive animals had no apparent clinical signs such as diarrhea or lethargy at the time of sample collection. On the area A through J, the average infection rate of each region was 43.5%, 40.0%, 15.4%, 62.5%, 55.0%, 47.1%, 15.0%, 17.6%, 18.8%, and 31.6%, respectively ([Table 1](#t1-kjp-53-6-737){ref-type="table"}). The overall prevalence of the infection among rodents and insectivores was 34.2% (68/199) in South Korea, which is within the reported range of 1% to 63% (1, 6, 11, 12, and 32-34). In wild rodents, the prevalence of *Cryptosporidium* in *A. agrarius* and *A. chejuensis* were 33.1% (56/169) and 31.6% (6/19), respectively. These results are similar with previous reports conducted on other wild *Apodemus* rodents, which was 35.2% in Spain and 27% in Japan \[[@b10-kjp-53-6-737],[@b15-kjp-53-6-737]\]. In the case of the genus *Crocidura*; however, infection rates among *C. lasiura* and *C. shantungensis* were 60% (6/10) and 0% (0/1), respectively. The ratio showed some difference compared to a previous study which reported the infection rate of 14.8% on C. russula in Spain \[[@b10-kjp-53-6-737]\]. Moreover, there seemed to exist some regional differences in the prevalence of *Cryptosporidium* in Korea ([Table 1](#t1-kjp-53-6-737){ref-type="table"}). Therefore, we have accumulated each data for a long term epidemiological study.

Next, microscopic examinations of H-E stained stomach section taken at necropsy of *Cryptosporidium*-positive samples revealed the presence of numerous *Cryptosporidium* parasites with eosinophilic small oval structures lining the mucosal gastric epithelia of gastric pits ([Fig. 2A](#f2-kjp-53-6-737){ref-type="fig"}). Moreover, oocysts in fecal samples stained by modified Ziehl-Neelsen technique showed typical characteristics of *Cryptosporidium* ([Fig. 2B](#f2-kjp-53-6-737){ref-type="fig"}). The oocyst appeared deep red colored spherical morphology with approximately 4-6 μm in diameter. It contained central black granule and the crescent shaped sporozoites.

Lastly, for the phylogenetic analysis, all samples found to be positive for *Cryptosporidium* were also re-amplified at the 18S rRNA gene locus by nested PCR, as described previously \[[@b24-kjp-53-6-737]\], using 2 primer pairs (primary primers: 18SiCF2 5´-GACATATCATTCAAGTTTCTGACC-3´ and 18SiCR2 5´-CTGAAGGAGTAAGGAACAACC-3´; nested primers: 18SiCF1 5´-CCTATCA GCTTTAGACGGTAGG-3´ and 18SiCR1 5´-TCTAAGAATTTCACCTCTGACTG-3´), and sequenced by commercial company (Cosmo-Genetech, Seoul, Korea). The effective length for sequencing was approximately 500 bp because the primer pair (18SiCF1 and 18SiCR1) amplified 587 bp fragments. Of the 68 positive samples identified at the 18S rRNA gene locus, 44 were successful for sequence analysis. The obtained sequences were aligned with reference sequences of *Cryptosporidium* species and genotypes from GenBank using ClustalW algorithm of the BioEdit Sequence Alignment Editor software (available at <http://www.mbio.ncsu.edu/bioedit/bioedit.html>). The neighbor joining analysis with evolutionary distances calculated using Tamura-Nei parameter model was conducted using MEGA version 5.2 \[[@b25-kjp-53-6-737]\]. [Fig. 3](#f3-kjp-53-6-737){ref-type="fig"} shows the phylogenetic relationships between various *Cryptosporidium* species/genotypes and the 44 isolates from Korean wild rodents and insectivores. The Korean isolates were identified to cluster with 4 different *Cryptosporidium* species and genotypes; Chipmunk genotype I (n=8), cervine genotype I (n=9), bear genotype (n=14), and *C. muris* (n=13). The differences between reference sequences and new sequence obtained in this study are shown in [Table 2](#t2-kjp-53-6-737){ref-type="table"}.

Chipmunk genotype I, identified from a total of 8 isolates in this study, was first reported in water after a storm in New York \[[@b26-kjp-53-6-737]\]. This genotype has been identified in wild animals, such as eastern chipmunks, eastern squirrels, and deer mice in New York, as well as red squirrels in Italy \[[@b27-kjp-53-6-737],[@b28-kjp-53-6-737]\]. Cases in which humans were infected with this species have also been reported as well \[[@b7-kjp-53-6-737]\]. In the present study, 3 of the 35 properly sequenced *A. agrarius* samples (8.6%) were infected with this genotype. Interestingly, among the 11 captured insectivores, 5 positive subjects infected with *Cryptosporidium* species had chipmunk genotype I. The sequences obtained from these isolates had 98.8-99.0% similarity with the reference sequence identified previously in infected Swedes \[[@b29-kjp-53-6-737]\]. This discrepancy is thought to be based on the sequence heterogeneity of the 18S rRNA gene locus \[[@b30-kjp-53-6-737]\]. This is the first report of chipmunk genotype I identified in the genera *Apodemus* and *Crocidura*, thus expanding its host range.

Cervine genotype I infects humans and various mammals, so they are often called *C. ubiquitum* \[[@b31-kjp-53-6-737],[@b32-kjp-53-6-737]\]. After this species was first detected from a pediatric patient in Canada, it was identified in human feces in New Zealand, England, Slovenia, UK, and the US \[[@b7-kjp-53-6-737],[@b33-kjp-53-6-737]-[@b37-kjp-53-6-737]\]. Infections with this genotype have occurred in many rodent species such as squirrels, chipmunks, and woodchucks \[[@b28-kjp-53-6-737]\]. According to our survey, 22.9% (8/35) of *A. agrarius* and 25% (1/4) of *A. chejuensis* were infected with cervine genotype I which was previously reported from surface water in Japan and exhibited 99.2-99.5% sequence similarity. These findings indicate that the Korean isolated *Cryptosporidium* is more similar to that from Japan than of other countries such as Spain and the Philippines suggesting a geographical difference in the distribution of the *Cryptosporidium* subgenotypes.

The Bear genotype which was first isolated from black bears in the US has not been detected in other hosts \[[@b38-kjp-53-6-737]\]. In the present study, we identified *Cryptosporidium* isolates from 12 *A. agrarius* and 2 *A. chejuensis* clustered with the bear genotype with a rather low similarity of 92.9-98.6%. These are considered to be distinct new genotypes that have not been reported in other hosts, the unique partial sequence obtained from KWRF1/12 was deposited in the GenBank database under the accession no. KP317127, as a *Cryptosporidium* sp. from Korea striped field mouse (KSFM).

*C. muris* was first recognized in laboratory mice and was also identified in diverse mammals such as mice, rats, Japanese field mice, cats, and cynomolgus monkeys \[[@b28-kjp-53-6-737],[@b39-kjp-53-6-737],[@b40-kjp-53-6-737]\]. In addition, *C. muris* has been detected in the feces of an immunosuppressed human with human immunodeficiency virus \[[@b41-kjp-53-6-737],[@b42-kjp-53-6-737]\]. In this study, among the 13 isolates identified as *C. muris*, *Cryptosporidium* isolated from 8 *A. agrarius* and 1 *A. chejuensis* exhibited 100% similarity with *C. muris* genotype previously reported from A. speciosus in Japan, and the remaining 4 *A. agrarius* showed 98.8- 99.8% similarity with intra-genotypic variation \[[@b15-kjp-53-6-737]\].

Our results are the first report verifying *Cryptosporidium* infection status in wild rodents and insectivores in South Korea. The results revealed high genetic diversity of *Cryptosporidium* spp. in small wild animals in South Korea. In particular, our results widened the scope of *Cryptosporidium* hosts. Furthermore, chipmunk genotype I, cervine genotype I, and *C. muris* identified in this study are known to be able to trigger diseases in livestock and humans when infected. These findings suggest that the rodents and insectivores in South Korea may play a role as potential reservoir hosts that can mediate transmission of *Cryptosporidium* among them. Continuous surveillance and epidemiological study of *Cryptosporidium* in biological vectors, particularly rodents and insectivores, are required to prevent the unexpected outbreaks in animals including humans.
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![Ten geographic locations in South Korea where trapping of wild rodents and insectivores was conducted in 2012-2013. Each region was designated by capital letters (A-J).](kjp-53-6-737f1){#f1-kjp-53-6-737}

![Histological examination of *Cryptosporidium* in the stomach. (A) Clusters of *Cryptosporidium* (arrow) adherent to the luminal part of epithelial cells of stomach villi (H&E stain; ×40). (B) *Cryptosporidium* oocyst (arrow) showing deep red staining of internal structure (Ziehl-Neelsen stain; ×100). The scale bars represent 10 μm.](kjp-53-6-737f2){#f2-kjp-53-6-737}

![Evolutionary relationships of *Cryptosporidium* isolates inferred by a neighbor-joining analysis of Tamura-Nei distances calculated from pairwise comparison of 18S rRNA sequences. The tree was rooted with the 18S rRNA sequence of *Monocystis agilis* (AF457127). Percentage bootstrap support (\>50%) from 1,000 pseudoreplicates is indicated at the left of the supported node. Sample ID indicates: KW (Korean Wild) + R/I (rodent/insectivore) + A-J (Capital letters of each region) + sample number/year of capture.](kjp-53-6-737f3){#f3-kjp-53-6-737}

###### 

Prevalence of detected *Cryptosporidium* sp. by nested-PCR in wild rodents and insectivores captured in South Korea

  Location        Host species                Total no. of samples   No. of positive samples   Prevalence (%)   Overall prevalence per region (%)
  --------------- --------------------------- ---------------------- ------------------------- ---------------- -----------------------------------
  A (paju)        *Apodemus agrarius*         21                     8                         38.1             43.5
                  *Crocidura lasiura*         2                      2                         100.0            
  B (Chuncheon)   *Apodemus agrarius*         21                     8                         38.1             40.0
                  *Crocidura lasiura*         4                      2                         50.0             
  C (Yangyang)    *Apodemus agrarius*         26                     4                         15.4             15.4
  D (Gongju)      *Apodemus agrarius*         16                     10                        62.5             62.5
  E (Mungyeong)   *Apodemus agrarius*         18                     9                         50.0             55.0
                  *Crocidura lasiura*         2                      2                         100.0            
  F (Yeongyang)   *Apodemus agrarius*         16                     8                         50.0             47.1
                  *Crocidura lasiura*         1                      0                         0.0              
  G (Gwangju)     *Apodemus agrarius*         20                     3                         15.0             15.0
  H (Sancheong)   *Apodemus agrarius*         15                     3                         20.0             17.6
                  *Crocidura lasiura*         1                      0                         0.0              
                  *Crocidura shantungensis*   1                      0                         0.0              
  I (Ulsan)       *Apodemus agrarius*         16                     3                         18.8             18.8
  J (Jeju)        *Apodemus chejuensis*       19                     6                         31.6             31.6
  Total                                       199                    68                                         34.2

###### 

Comparison of the nucleotide sequences of the partial 18S rRNA gene of new *Cryptosporidium* genotype obtained in this study (*Cryptosporidium* sp. KSFM) and related reference genotypes in the GenBank

  Organism or genotype (accession no.)    Nucleotide sequence at the indicated position (s)^[a](#tfn1-kjp-53-6-737){ref-type="table-fn"}^
  --------------------------------------- -------------------------------------------------------------------------------------------------
  Chipmunk genotype I (jx978272)          ![](kjp-53-6-737i1.jpg)
  Cervine genotype I (AB694733)           
   *C. muris* (AB697054)                  
   Bear genotype (AF247535)               
  *Cryptosporidium* sp. KSFM (KP317127)   

Dots indicate nucleotide identity to the Chipmunk genotype I sequense (JX978272) and dashes represent mucleotide deletions.
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